To determine whether observed hearing loss (OHL) is associated with incident dementia in a multiethnic population. DESIGN: Prospective epidemiological cohort study. SETTING: Community in northern Manhattan. PARTICIPANTS: Participants in the Washington HeightsInwood Columbia Aging Project, a longitudinal study on aging and dementia in an ethnically diverse community (n = 1,881). MEASUREMENTS: OHL was defined when the examiner observed it or according to self-reported hearing aid use. A consensus panel diagnosed dementia using standard research criteria. A Cox proportional hazards model was used to examine the relationship between OHL at baseline and risk of incident dementia (mean 7.3 AE 4.4 years of longitudinal followup, range 0.9-20 years). RESULTS: OHL was associated with 1.69 (95% confidence interval (CI) = 1.3-2.3, P < .010) times the risk of incident dementia, adjusting for demographic characteristics, cardiovascular risk factors, apolipoprotein E4 genotype, and stroke. When stratified according to race, the association between OHL and incident dementia was high in all groups but was statistically significant only in blacks (hazard ratio = 2.62, 95% CI = 1.5-4.5, P < .010). CONCLUSION: OHL was associated with greater risk of incident dementia in a multiethnic cohort. More study is needed to determine whether HL contributes to dementia and whether treating HL can reduce the risk of dementia.
H earing loss (HL), long considered primarily a qualityof-life issue, has recently been recognized as a public health concern.
1 Age-related HL (ARHL), the most-common form, results from idiopathic loss of the inner ear sensorineural epithelium. Several studies have found independent associations between ARHL and more-severe conditions, including falls, 2 hospitalization, 3 social isolation, 4 frailty, 2 and even mortality. 5, 6 These associations are still present after adjustment for confounders such as age, diabetes mellitus, cardiovascular disease, and education.
One of the more-troubling potential associations is with dementia, particularly given the high prevalence of ARHL. Independent associations have been seen between HL and prevalent 7 and incident [8] [9] [10] [11] dementia. Dose-dependent relationships, whereby increasing HL levels lead to greater risk of incident dementia, have also been observed. In one study, subjects with mild HL had 1.9 times the risk of incident dementia, rising to 4.9 times for those with severe HL, after adjusting for confounders. 8 HL may cause dementia through several mechanisms, including greater cognitive load, 12 change in brain structure and function, 13, 14 and low social engagement. 15 Conversely, HL and dementia may both result from a common etiology, such as vascular disease or other unknown factors. 1 If a causal relationship exists, treating HL could reduce the risk of dementia.
Studies of the association between ARHL and dementia have been limited to primarily white populations. Blacks have been rarely studied, and Hispanics are even less commonly included, [7] [8] [9] [10] [11] [16] [17] [18] [19] which limits the generalizability of findings in the United States and globally. The goal of this study was to examine the relationship between baseline observed HL (OHL) and incident dementia in a multiethnic longitudinal cohort.
METHODS

Participants and Data Source
Participants were drawn from the Washington HeightsInwood Columbia Aging Project, an ongoing prospective epidemiological cohort study. Begun in 1992, the study follows residents of northern Manhattan aged 65 and older. Additional participants were recruited in 1999. Participants were identified using an ethnicity-and age-stratification process using a probability sample of Medicare beneficiaries aged 65 and older residing in three contiguous ZIP codes. After a baseline visit, participants were followed at 18-to 24-month intervals. At each follow-up visit, they underwent a comprehensive neuropsychological battery that included a dementia assessment. If testers noted HL, they spoke louder or used hearing amplifiers when available. The procedures for cognitive testing were not otherwise modified.
The flowchart of enrollment and inclusion is detailed in Figure 1 ; 4,309 subjects were recruited from the 1992 and 1999 cohorts. If baseline covariate data were missing, they were filled, when possible, with values from the first through third follow-up visits. Those with no longitudinal follow-up (n = 1,269), continued missing covariate data (n = 927), and baseline dementia (n = 197) were sequentially excluded. The majority of missing covariate data (n = 773 subjects) was from lack of apolipoprotein E (APOE) genotyping because not all participants agreed to provide a blood sample. This left 1,881 subjects in the baseline cohort for analysis. These subjects were followed for a mean of 7.4 AE 4.6 years (range 0.9-22 years), during which time 377 developed incident dementia. Follow-up was truncated at 20 years to control for the small sample size at the later follow-up periods.
Nineteen percent of whites, 23% of blacks, and 20% of Hispanics did not have any longitudinal follow-up data (significantly different between groups, P = .04). Length of follow-up was not significantly different in those with dementia and those without for whites (7.0 vs 7.2 years, P = .75) or blacks (6.5 vs 6.9 years, P = .41) but was significantly longer in Hispanics with dementia than in those without (9.0 vs 7.6 years, P = .01). Twenty-eight percent of whites, 37% of blacks, and 32% of Hispanics were missing covariate data (significantly different between groups, P < .001), but when those with missing APOE genotyping were ignored, there were no significant differences in missing covariate data between groups (14% of whites, 15% of blacks, 17% of Hispanics; P = .32).
Exposure
The primary exposure was OHL, defined as a binary variable (present versus absent) and created from five hearingrelated variables based on examiner observations at different times during the visit: hearing normal versus abnormal, hearing normal versus abnormal (repeat of first variable occurring later during the visit), no impairment in hearing versus some difficulty hearing versus must speak loudly versus must shout versus cannot rate, auditory ability adequate versus inadequate, has hearing aid (no versus yes). If any HL was noticed among any of the variables that assessed HL, or if the subject wore hearing aids, OHL was considered present. If no HL was noted among any of the variables that assessed HL, and if the subject did not wear hearing aids, OHL was considered absent. Otherwise, OHL was coded as missing.
OHL was analyzed as a time-constant variable (defined only at baseline) and a time-varying variable. For the time-varying analysis, OHL was considered prevalent for the rest of the study after it was initially observed.
Outcome
The primary outcome was all-cause dementia (present versus absent). A neuropsychological battery 20 was administered at baseline and all follow-up visits. The battery 21 memory was the defining feature; impairment was required in two of three memory areas and in at least two of the orientation, language, abstract reasoning, and construction domains. 20 Dementia was then diagnosed using previously defined cutoff scores decided in a consensus panel of neurologists, neuropsychologists, and psychiatrists. 22 Alzheimer's disease and vascular dementia were also examined as secondary outcomes. The dementia subtype was based on research criteria for probable Alzheimer's disease (National Institute of Neurological and Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association Work Group) 23 versus vascular dementia (National Institute of Neurological Disorders and Stroke and Association Internationale pour la Recherch e et l'Enseignement en Neurosciences Workshop). 24 Other dementia subtypes were uncommon and were not analyzed as separate outcomes in this study.
Covariates
Information on demographic characteristics was collected using self-report. Only 1% of individuals were of other race and were excluded. Education was included as years of education. Joint monthly income was recorded categorically as U.S. dollars, ranging from $450 or less to $4,000 or more. Cohort was defined according to enrollment wave (1992 or 1999) .
Hypertension (present versus absent) was assessed using a combination of blood pressure measurement and self-report. Other cardiovascular risk factors were collected using self-report (history of diabetes mellitus, heart disease, smoking). Heart disease was defined as myocardial infarction or congestive heart failure. Cardiovascular risk factors were chosen as covariates because they may increase the risk of HL and dementia, thus potentially confounding the relationship between HL and dementia. 8, 25 A composite cardiovascular disease variable was created to address possible multicollinearity of vascular risk factors. One point was assigned for each of the four individual cardiovascular disease variables (hypertension, congestive heart failure, diabetes mellitus, myocardial infarction), as previously used in this cohort. 26 APOE genotyping was conducted using a previously developed approach 27 with slight modification. APOE-e4 genotype was considered present if the subject was homoor heterozygous for the APOE-e4 allele. Stroke was assessed according to self-report.
Statistical Analysis
Differences in baseline subject characteristics according to baseline OHL were assessed using the chi-squared test for categorical variables and the T-test for continuous variables. All mean values were presented with standard deviations.
Survival analysis was used to assess the trajectory of incident dementia over time according to HL status, without adjustment for confounders. Cox proportional hazard models were used to study the relationship between baseline OHL and onset of all-cause dementia, incident Alzheimer's disease, or incident vascular dementia. Models were also stratified according to race. Duration of follow-up was used as the time-to-event variable. Duration of followup was calculated using the subject's date of last follow-up minus the date at study entry (baseline). In a separate analysis, age was used as the time-to-event variable.
For one set of Cox analyses, all covariates, including OHL, were defined at baseline and used as time-constant variable in several models. In an additional analysis, all covariates were analyzed as time-varying variables.
Two additional analyses were performed to address the concern that OHL could be confused with cognitive impairment. First, all subjects with baseline memory impairment (worse than 1 standard deviation below the mean on a memory battery) were eliminated. The memory battery included total immediate recall, delayed recall, and delayed recognition from the Selective Reminding Test. 28 Second, participants who developed dementia within a 2-, 4-, or 6-year washout period from baseline were censored.
Multivariable Cox models included the covariates described previously. The proportionality assumptions of the Cox model were assessed graphically and using the Schoenfeld residuals method.
Significance was considered at P < .05. Analyses were conducted using Stata version 14.1 (StataCorp, College Station, TX). Institutional review board approval was obtained through Columbia University Irving Medical Center.
RESULTS
Baseline subject characteristics are detailed in Table 1 . Eleven percent (204/1,881) of subjects had OHL at baseline. Subjects with no baseline OHL were significantly more likely to be younger and female and less likely to have congestive heart failure. The racial makeup was also significantly different (P < .05), in that blacks were less likely to have OHL. Of those with OHL, 27% developed dementia, versus 19% in those without OHL (P < .010).
The ethnic distribution of those with and without OHL who developed incident dementia was compared, and there was no significant difference (P = .62) (Of the 56 subjects with OHL who developed dementia, 54% were Hispanic, 29% were black, and 18% were white. Of the 321 of subjects without OHL who developed dementia, 60% were Hispanic, 27% were black, and 14% were white.)
The Kaplan-Meier failure curve is shown in Figure 2 . Participants with OHL at baseline developed dementia earlier and had a higher cumulative incidence than those without OHL. In all models, subjects were observed for 13,150 person-years.
Cox proportional hazard models were created to assess the risk of developing dementia over time and to allow adjustment for covariates (Table 2 ). There were 377 cases. Adjusting for demographic factors (age, sex, ethnicity, race, education), the risk of incident dementia was 1.66 (95% CI = 1.2-2.3, P < .001) times as high in those with OHL as in those without. Additionally adjusting for cardiovascular risk factors did not appreciably change the hazard ratio (HR = 1.65, 95% CI = 1.2-2.2, P < .010). Further adjusting for the APOE-e4 allele produced a modest change in the effect estimate (HR = 1.71, 95% CI 1.3-2.3, P < .010). Finally, additionally adjusting for stroke also produced a modest change (HR = 1.69, 95% CI = 1.3-2.3, P < .010) This last model was defined as the working model.
In a sensitivity analysis, all covariates were treated as time varying instead of being defined only at baseline. The risk of incident dementia was similar to the risk observed in the working model (HR = 1.53, 95% CI = 1.2-1.9, P < .001). In an additional sensitivity analysis, age was used as the time scale instead of time on study. The risk of dementia was slightly attenuated and remained significant (HR = 1.52, 95% CI = 1.1-2.0, P < .010). Finally, adjusting for cohort did not greatly change the risk of dementia (HR = 1.62, 95% CI = 1.2-2.4, P < .010). There was no interaction between cohort and OHL (P = .63 for interaction term) or between having an APOE-e4 allele and OHL (P = .30 for interaction term).
Two additional analyses were conducted to address possible biased ascertainment of OHL because of cognitive impairment. Elimination of subjects with baseline memory impairment did not attenuate the risk of incident dementia in those with OHL (HR = 1.92, 95% CI = 1.4-2.7, P < .001). Excluding subjects who developed dementia within a 2-(HR = 1.67, CI = 1.19-2.34, P < .010), 4-(HR = 1.84, CI = 1.2-2.8, P < .010), or 6-(HR = 1.97, CI = 1.1-3.4, P < .05) year washout period did not attenuate the risk either.
Ethnicity and race were significant predictors of incident dementia, as previously reported in the Washington Heights-Inwood Columbia Aging Project, 29 even after adjustment for covariates (P < .001). The interaction between OHL and ethnicity and race was not significant (P = .19 for interaction term), although ethnic and racial disparities in hearing health care have been previously demonstrated. 30 Because the a priori hypothesis was that HL may affect people of different races and ethnicities differently, the working model was stratified according to ethnicity and race. A greater risk of dementia with OHL was seen in all racial and ethnic groups but was statistically significant only in blacks (HR = 2.62, 95% CI = 1.5-4.5, P < .010; Hispanics: HR = 1.43, 95% CI = 1.0-2.1, P = .08; whites: HR = 1.61, 95% CI = 0.7-3.5, P = .23). Risk changed slightly when joint monthly income was added to the model, although this did not affect the significance of associations (blacks: HR = 2.89, 95% CI = 1.7-5.0, P < .001; Hispanics: HR = 1.24, 95% CI = 0.8-1.9, P = .31; whites: HR = 1.29, 95% CI = 0.5-3.6, P = .63).
Finally, incident Alzheimer's disease and incident vascular dementia were examined separately ( Table 2 ). In the full model, which was adjusted for demographic characteristics, cardiovascular risk factors, and APOE4 status, the risk of incident Alzheimer's disease was 1.85 times as high in those with OHL (95% CI = 1.3-2.6, P < .001; n = 254). This was higher than for vascular dementia, which was not statistically significant (HR = 1.34, 95% CI = 0.51-3.5, P = .55; n = 46), although the number of incident cases was much smaller (n = 46), which could have decreased the power to detect a significant association. This association remained nonsignificant if vascular risk factors were not adjusted for (HR = 1.39, 95% CI 0.5-3.6, P = .50).
DISCUSSION
In this multiethnic cohort, the risk of incident dementia was 1.7 times as great in those with OHL. This association was independent of potential confounders including demographic characteristics (age, ethnicity, race, sex, education), vascular risk factors, APOE4 genotype, and stroke. These associations also were robust and remained in different models and sensitivity analyses, including different time scales and time-varying covariates. These findings add to the growing body of literature associating ARHL with dementia and extend the investigations to a more-diverse population. This study is one of the few to study the relationship between ARHL and dementia in different ethnic groups. Nearly half of participants were Hispanic. In prior studies, the percentage of white participants has ranged from 67% to 91% 8, 9, 16, 17 . When the percentage of white participants was not reported, the studies were conducted in regions that are predominantly white 7, 10, 11, 18, 19 . One study included a biracial group that was 67% white and 33% black, but Hispanics were not included. 9 Extending findings to multiethnic groups is important to allow generalizability of findings.
The observed association between HL and incident dementia in the current study (HR = 1.69) was stronger (HR = 1.27-1.55) 9,10 than in two similar longitudinal studies, although with overlapping CIs, suggesting that the magnitude of association may be similar, although the association was weaker than in two other longitudinal studies (HR = 4.94 for severe HL; odds ratio = 2.40 per 10-dB rise in HL). 8, 11 Differences in magnitudes are not surprising because several variables differed between the studies, including the hearing construct (observed vs audiometric) and length of follow-up. Nonetheless, it is possible that the association found in the current study was underor overestimated. One possible explanation for an underestimated association is that HL was not defined using formal audiometry but rather according to the examiner noticing hearing difficulty. This less-accurate measure may have biased the results toward the null. The finding could have overestimated the association if OHL biased the ascertainment of prevalent cognitive impairment differently, but sensitivity analyses excluding people with memory impairment and those who developed dementia within several years of OHL showed similar findings, suggesting that overestimation was unlikely.
The reason that greater risk of dementia with OHL was significant only in blacks is unknown. Neither years of education nor monthly income explained this finding. The study replicated several others demonstrating that blacks are less likely to have ARHL. 31, 32 Because of this lack of susceptibility, it is possible that HL in blacks represents more-severe exposure to a common cause, although the P-value for the interaction term between ethnic group and OHL was nonsignificant, and it is possible that these ethnic differences are a chance finding.
No association was found between OHL and dementia in whites, which is contrary to prior studies in predominantly white populations. [8] [9] [10] [11] Although the current study's white population was fairly large, it was still smaller than in most other studies. Whites also had a lower rate of developing incident dementia overall than blacks and Hispanics. The study thus may have been underpowered.
Finally, there is a concern that different degrees of missing data between ethnic groups could affect associations between OHL and dementia. Because subjects with dementia might be less likely to have continued follow-up, 3-2.3) 1.0
For all models, people without OHL (n = 1,677) are the reference group (204 participants had OHL). All covariates were treated as time-constant variables (defined at baseline only), with duration of follow-up as the time-to-event variable. Ranges in parentheses represent 95% confidence intervals. All models used duration of follow-up as the time-to-event variable.
there is a particular concern of differential exclusion due to differential longitudinal follow-up, but this is unlikely to have meaningfully affected the current study results because subjects with baseline dementia were intentionally excluded from the analysis, and participants who developed dementia were censored in the Cox time-to-event model at the visit at which they were classified as having dementia. Sensitivity analyses excluding subjects who developed dementia years after study onset also did not affect results. Finally, for all three races, length of followup was not significantly shorter in those who developed dementia than in those who did not. Only 4% of subjects reported using hearing aids, and the amount of hearing aid use was not quantified. Thus hearing aid use was not used as a covariate for this analysis. 33, 34 One methodological concern is that impaired cognition or dementia may have appeared to examiners as OHL, because both conditions can result in asking questions to be repeated or not following instructions. In addition, poor hearing could result in lower performance on cognitive tests independent of cognitive ability. These explanations for the findings seem unlikely for several reasons. First, the association between OHL and incident dementia was not weakened even after eliminating subjects with baseline cognitive impairment or after censoring subjects who developed dementia within a 2-, 4-, or 6-year washout period. The study examiners were also trained to observe specific signs of HL. The diagnosis of dementia was rigorous and made through a consensus panel, taking into account cognitive and functional performance, although it is possible that HL could have affected both. Finally, the neuropsychological battery was conducted in a relatively quiet one-on-one office or home environment. Unless HL was profound, subjects should have been able to follow clearly spoken instructions.
Several mechanisms could link ARHL to dementia. The attention needed to decode a degraded auditory signal may monopolize cognition, leaving fewer resources available for processing the content of the message and for making memories. 12 Prolonged ARHL may lead to a change in brain structure and function, for example, through atrophy of the auditory cortex. 13, 14 ARHL may reduce social engagement, which in turn, may lead to a cascade of events that reduce cognitive stimulation and function and increase risk of dementia. 15 The important implication of the aforementioned scenarios is that treating ARHL could reduce the risk of dementia.
It is also possible that ARHL and dementia share a common etiology, such as vascular disease. 1 This study attempted to control for this possibility by adjusting for cardiovascular confounders, and the associations remained robust, although it cannot be excluded that residual or unmeasured confounding could explain the findings. For example, HL could be an indicator of other features of advanced physiological age that could be related to dementia. Lastly, ARHL and dementia could have a common neurodegenerative etiology, although neuropathological findings of Alzheimer's have not been found in the peripheral auditory pathways. 35, 36 This study has limitations. A subject was considered to have HL when the examiner noticed that he or she had difficulty hearing. This was a subjective observation and thus was a relatively insensitive measure. The true prevalence of HL in individuals aged 70 and older has been estimated at nearly two-thirds. 37 The prevalence in this study, which included participants mostly aged 70 and older, was far lower. This is not surprising, because mild HL is usually unrecognized in a quiet one-on-one examination setting. Therefore, OHL in this study was most likely moderate or worse. Failure to detect HL would have had the effect of attenuating the relative risk estimates.
This study has several advantages. The study population was multiethnic, allowing greater generalizability of findings. HL was defined at baseline and as a time-varying variable (changing over time). Studies that use audiometry have not examined changes in hearing over time. 8, 9, 11 Future studies should use objective methods of assessing hearing, such as pure tone audiometry. Investigations of the mechanisms that may underlie the association between ARHL and dementia are also needed. Finally, whether treating ARHL can reduce incident dementia must be assessed.
In conclusion, ARHL was independently associated with incident dementia in a multiethnic population. The association was strongest in blacks. These relationships remained strong even after adjusting for vascular disease, a primary confounder in conceptual models. Future studies are needed to determine whether there is a causal relationship between ARHL and dementia. HL is among the most common conditions affecting older adults, with a prevalence of 80% in those aged 80 and older, 38 yet hearing aid use is low, less than 25% for at least occasional use in this age group. 33 Should ARHL prove to be a modifiable risk factor for dementia, increasing its treatment rate could be one of the most-effective strategies for risk reduction given its near-universal prevalence and low treatment levels.
